Thermal stability, crystallization and magnetic properties of Fe-Co-based metallic glasses by Lesz, S. et al.
  
 
 
 
 
 
 
 
 
 
 
 
Title: Thermal stability, crystallization and magnetic properties of Fe-Co-based metallic 
glasses 
 
Author: S. Lesz, Piotr Kwapuliński, M. Nabiałek, P. Zackiewicz, L. Hawelek 
 
 
Citation style: Lesz S., Kwapuliński Piotr, Nabiałek M., Zackiewicz P., Hawelek L. 
(2016). Thermal stability, crystallization and magnetic properties of Fe-Co-based metallic 
glasses. "Journal of Thermal Analysis and Calorimetry" (Vol. 125, nr 3 (2016), s. 1143-
1149), doi 10.1007/s10973-016-5430-x 
Thermal stability, crystallization and magnetic properties
of Fe-Co-based metallic glasses
S. Lesz1 • P. Kwapulin´ski2 • M. Nabiałek3 • P. Zackiewicz4 • L. Hawelek4
Received: 15 October 2015 / Accepted: 28 March 2016 / Published online: 11 April 2016
 The Author(s) 2016. This article is published with open access at Springerlink.com
Abstract The aim of the paper was to investigate thermal
stability, crystallization and magnetic properties of Fe-Co-
based metallic glasses (MGs). Investigations were carried
out on amorphous ribbons with the compositions of
[(Fe0.5Co0.5)0.75B0.2Si0.05]96Nb4 and [(Fe0.6Co0.3Ni0.1)0.75
B0.2Si 0.05]96Nb4. Thermal properties (liquidus Tl and
melting Tm temperatures) of the pre-alloyed ingots upon
heating and cooling were analyzed by DTA at a heat-
ing/cooling rate of 0.33 K s-1 under the purified argon
atmosphere. The structure of the ribbons was examined by
X-ray diffraction (XRD) and transmission electron micro-
scopy (TEM) method. Kinetics of the crystallization pro-
cess was examined by applying differential scanning
calorimetry (DSC) method, and experiments performed in
thermal analysis involve heating at a constant rates
b = 0.17, 0.33 and 0.5 K s-1. Additionally, the conven-
tional crystallization temperature Tx was determined from
the normalized isochronal resistivity curves a(T) with
heating rate 0.0083 K s-1. a is the temperature coefficient
of resistance and a = q-1 dq/dT. The Tx, can be obtained
from the condition a = 0 (Stokłosa et al. in J Alloy Compd
509(37):9050–9054, 2011). The saturation magnetization
M(T) was measured in situ with heating rates 0.083 K s-1
using magnetic balance (Szewieczek and Lesz in J Mater
Process Tech 162–163:254–259, 2005).
Keywords Amorphous materials  Crystallization 
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Introduction
Multicomponent Fe-Co-based amorphous alloys (metallic
glasses) play a central role in technological innovation
because of their use in a wide range of applications, i.e.,
precision mold material, precision imprint material, preci-
sion sensor material, precision machinery material, surface
coating material, cutting tool material, shot penning
material, fuel cell separator material and so forth [1, 3–5].
The Fe-Co-based metallic glasses (MGs) have attracted
much attention of the scientists working in the field of
materials science due to their promising mechanical and
functional properties. The Fe-Co-based MGs have been
intensively investigated as soft magnetic materials for high-
temperature applications since controlled addition of Co
enhances the Curie temperature. The Fe-Co-based MGs
exhibit good soft magnetic properties, i.e., high saturation
magnetization (0.8–1.3 T) and low coercivity (1–2.5 A m-1)
[6]. More recently, microalloying has been found to be an
effective way to improve the properties of the base MGs
[7–10]. For example, Ni has been introduced to some BMGs
to enhance their ductility [11], fatigue resistance [12], soft
magnetic properties [13] and glass-forming ability (GFA) [14]
of the systems. The magnetic properties of MGs are dependent
on Ni, Co and Fe contents. The decrease in coercivity (Hc)
with increasing Co content has been recognized to origi-
nate from the reduction of saturation magnetostriction [3].
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The addition of small amounts of Nb to (Fe,Co,Ni)-(B,Si)
alloys is effective for the increase in GFA through the increase
in the stability of supercooled liquid (SL) against crystal-
lization [6]. The addition of 4 at.% Nb was found to be very
effective in improving the GFA of Fe- and Co-based glassy
alloys [15].
Metalloid elements of Si and B play crucial role in the
formation of the BMGs and have effect on the GFA,
thermal stability, crystallization and properties of the
BMGs. These materials have a strong affinity with con-
ventional BMGs base elements such Fe and rare earth
elements, i.e., they have large negative heat of mixing with
these base elements. The metalloid elements would result
in crystallization and degrade the GFA of the BMGs, but
on the other hand, due to the small atomic size of Si and B
atoms, the proper addition can tighten the alloy structure
and then stabilize the alloy against crystallization [6].
It is natural and interesting to examine the effects of
replacing part of Fe by other magnetic elements, Co and
Ni, thermal, magnetic and electrical properties of the Fe-
Co-based metallic glasses. In this paper, effect of Ni
addition on structure and kinetics of the crystallization
process of Fe-Co-based metallic glasses (MGs) prepared
from industrial raw materials are reported.
Experimental
Investigations were carried out on amorphous ribbons with
compositions of [(Fe0.5Co0.5)0.75B0.2Si0.05]96Nb4 and
[(Fe0.6Co0.3Ni0.1)0.75B0.2Si0.05]96Nb4. The Fe-based master
alloy ingots were prepared by melting the mixtures of the
Fe-B (Fe 85.4 B 14.5 mass%), Fe-Nb (Fe 31.4 Nb
68.5 mass%), Fe-Si (Fe 42.7 Si 57.2 mass%) starting fer-
roalloys and pure Fe (99.99 mass %), Co (99.99 mass %),
Ni (99.99 mass%), metals in an argon atmosphere. The
content of boron in the cast alloy was adjusted by adding
the Fe-B alloy, which is much cheaper than pure boron.
The Fe36Co36B19Si5Nb4 and Fe43Co22Ni7B19Si5Nb4 alloy
compositions represent nominal atomic percentages. Rib-
bons with thickness of 0.07 mm and width of 2.3 mm were
prepared by the single copper roller melt spinning method.
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Fig. 1 X-ray diffraction pattern of the Fe36Co36B19Si5Nb4 and
Fe43Co22Ni7B19Si5Nb4 alloys in the as quenched state (a) and after
annealing at 1000 K (b)
Fig. 2 TEM micrograph and selected area electron diffraction pattern
of Fe36Co36B19Si5Nb4 (a) and Fe43Co22Ni7B19Si5Nb4 (b) alloys in the
as quenched state
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The master alloy was melted in a quartz crucible using an
induction coil and pushed thereafter on a copper wheel by
applying an ejection pressure of about 0.02 MPa.
The structure of the as quenched ribbons was identified
by X-ray diffraction (XRD) method on a X-Pert PRO MP
diffractometer using filtered Co-Ka radiation (k =
0.17888 nm), a tube voltage of 30 kV and a current of
10 mA, in Bragg–Brentano geometry. For the ribbons after
annealing at 1000 K, XRD measurements were performed
at ambient temperature using a Rigaku MiniFlex 600
diffractometer (Rigaku Corporation, Tokyo, Japan) with
Cu Ka radiation (k = 0.15406 nm), a tube voltage of
40 kV and a current of 15 mA using a D/teX Ultra silicon
strip detector. In order to conduct structural study, the
transmission electron microscope (TEM) TESLA BS 540
was used.
Thermal properties liquidus Tl and melting temperatures
Tm of the pre-alloyed ingots (as well as the base alloy and
the alloy with 7.0 at.% nickel addition) upon heating and
cooling were analyzed by DTA at a heating/cooling rate of
0.33 K s-1 under the purified argon atmosphere. The DTA
measurements were carried out with a NETZSCH model
DSC 404 C Pegasus.
Crystallization process was examined by applying iso-
chronal DSC (NETZSCH STA 449F3) method with heat-
ing rate b = 0.17, 0.33 and 0.5 K s-1. Activation energies
of crystallization process were obtained by applying the
Kissinger method. Additionally, the relative crystallization
temperature Tx was determined from the normalized iso-
chronal resistivity curves a(T) (0.0083 K s-1); a is the
temperature coefficient of resistance and a = q-1 dq/dT.
The Tx, can be obtained from the condition a = 0 [1, 16].
The saturation magnetization M(T) was measured in situ
with heating rates 0.083 K s-1 using magnetic balance.
The family of magnetization curves Mnorm(T) normalized
to the value at 300 K, and the corresponding dM/dT curves
were presented. The Curie temperature TC is determined
from the condition dM/dT = minimum [2].
For samples in the as quenched state, the relative mag-
netic permeability (Maxwell–Wien bridge, frequency
1 kHz, magnetic field 0.5 A m-1) at room temperature was
obtained.
The measurements of magnetic permeability li (at force
H & 0.5 A m-1 and frequency f & 1 kHz) and the inten-
sity of magnetic after effect Dl/l(t1) (Dl = l(t1 = 30 s)–
l(t2 = 1800 s)), where l is the initial magnetic perme-
ability measured at time t after demagnetization, have been
done. The investigations of ribbons in as quenched state
were performed with the use of automatic device for mea-
surements magnetic permeability [1].
Results and discussion
It was found from the obtained results of structural studies
performed by X-ray diffraction and that diffraction pattern
of ribbons of the Fe36Co36B19Si5Nb4 and Fe43Co22Ni7
B19Si5Nb4 alloy consists of a broad-angle peak (Fig. 1a).
The typical diffused scattering indicates the presence of the
amorphous structure with no crystalline peaks. Obtained
results of structural studies performed by X-ray diffraction
are corresponding with the HRTEM micrograph. The
diffraction pattern taken from the small region consists
only of halo rings, and no appreciable reflection spots of
crystalline phases are seen (Fig. 2a, b). After annealing at
1000 K, few crystalline phases fully indexed both diffrac-
tion patterns and they are (Fe,Co)2B, Co16Nb6Si7, Fe5Si3
and (Fe,Co)a (Fig. 1b).
The thermal properties of the pre-alloyed ingots Fe36
Co36B19Si5Nb4 and Fe43Co22Ni7B19Si5Nb4 alloy upon
heating measured by DTA are presented on Fig. 3a, b. The
Fe36Co36B19Si5Nb4 alloy presents clearly two endothermic
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Fig. 3 Differential thermal analysis (DTA) curves of the pre-alloyed
ingots of the Fe36Co36B19Si5Nb4 (a) and Fe43Co22Ni7B19Si5Nb4 alloy (b)
under the heating/cooling rate of 0.33 K s-1
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peaks (Fig. 3a), but Fe43Co22Ni7B19Si5Nb4 alloy presents
three endothermic peaks. The first peak for Fe36Co36B19
Si5Nb4 and Fe43Co22Ni7B19Si5Nb4 alloy begins near the
melting point Tm and onset is 1310 and 1293 K, respec-
tively. The maximum signal of the second peak is separate
for the Fe36Co36B19Si5Nb4 alloys. This signal is associated
with the liquidus temperature Tl [17, 18]. As shown in
Fig. 3a, b, with the replacing part of Co by Ni in the Fe-Co-
based metallic glasses, Tl increases from 1429 to 1516 K.
Figure 3a, b shows thermal properties of the pre-alloyed
ingots Fe36Co36B19Si5Nb4 and Fe43Co22Ni7B19Si5Nb4 alloys
upon cooling measured by DTA. For the Fe36Co36B19Si5Nb4
alloy, two peaks are clearly shown (Fig. 3a). The first peak
corresponds to the eutectic temperature Te—1297 K. The
eutectic temperature, Te, decreases with Ni addition.
Figure 4 shows the temperature coefficient of resistance
a = q-1 dq/dT versus temperature T for the Fe36Co36B19
Si5Nb4 and Fe43Co22Ni7B19Si5Nb4 alloys. Initially, q
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increases (a * const) with increasing temperature due to
electron–phonon scattering in amorphous structure.
At higher temperatures, an abrupt drop of resistivity is
observed (a-negative) which is surely related to first stage
of crystallization. An arbitrary taken condition a = 0
allows defining the so-called crystallization temperature Tx,
which depends on heating rate, as it should be expected for
any diffusion-controlled process. Basing on curves
a(T) determined on the basis of measurements of electric
resistivity q as function of temperature T, it was found that
crystallization temperatures Tx of Fe36Co36B19Si5Nb4 and
Fe43Co22Ni7B19Si5Nb4 ribbons are equal Tx = 711 K and
800 K, respectively (Fig. 4). The crystallization of metallic
glasses is a kinetics transition. Leaving the metallic glasses
at a temperature that is close to Tx may crystallize the
amorphous structures, which often degrades the excellent
mechanical and magnetic performance of metallic glasses.
In addition, Tx also sets the upper temperature limit of
magnetic annealing, which is often used to modify or
improve the magnetic properties. Therefore, increase Tx
from 711 to 800 K with Ni addition is very advantageous.
Crystallization process was examined by applying DSC
measurements with different linear heating rates (0.16,
0.33, 0.5 K s-1). Based on this kind of measurement,
activation energies of crystallization were calculated using
the Kissinger method [19]. Figure 5 shows DSC curves
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obtained for different heating rates b. With increasing b,
the observed DSC minimum shifts into higher tempera-
tures. As the crystallization process is a diffusion-con-
trolled phenomenon, its evolution with time can be
described by the kinetic rate equation with the effective
overall reaction rate obeying an Arrhenius relation. The
activation energy E describing the crystallization process
should fulfill the Kissinger equation:
ln
b
T2p
¼  Ec
RTp
þ lnKoEc
R
ð1Þ
where Tp is the characteristic temperature (position of the
DSC peak) determined for the heating rate b, R is the gas
constant, and K0 is the Arrhenius equation pre-exponential
factor. According to Eq. (1), a plot of ln(b/Tp2) versus 1/Tp
should yield a straight line with the slope Ec/R.
Figure 5 shows the family of DSC curves obtained for
the Fe36Co36B19Si5Nb4 (a) and Fe43Co22Ni7B19Si5Nb4
(b) alloys (heating rate 0.16, 0.33, 0.50 K s-1). For dif-
ferent heating rates, a shift in temperature of the homo-
logical points of DSC curves was observed. Using these
data and the Kissinger method, activation energies of the
crystallization were determined (Fig. 6). For the Fe36
Co36B19Si5Nb4 and Fe43Co22Ni7B19Si5Nb4 alloys, we have
obtained, Ec = 564 and Ec = 623 kJ mol
-1, respectively.
The activation energy is quite high, more than double
than the energies measured for the good glass formers in
Zr-based alloy [20] and close to those of measured for the
[(Fe0.5Co0.5)0.75B0.20Si 0.05]96Nb4 alloy [21, 22].
Figure 7 shows the normalized magnetization in satu-
ration Mnorm = M(T)/M(300 K) versus temperature mea-
sured at magnetic field 0.5 T and heating rate 0.083 K s-1
for the Fe36Co36B19Si5Nb4 and Fe43Co22Ni7B19Si5Nb4
alloys. In the temperature range 300 K\ T\575 K, mag-
netization monotonically decreases up to the Curie tem-
perature of amorphous phase.
The values of TC, for examined alloys, were determined
from the inflection point of M(T) curve which is a commonly
used procedure (Fig. 8). The value of Curie temperature for
the Fe36Co36B19Si5Nb4 and Fe43Co22Ni7B19Si5Nb4 ribbons
of thickness of 0.07 mm is equal 575 and 529 K, respectively
(Figs. 7a, b, 8a, b). The similar value of TC was obtained in
[23].
The results of magnetic properties measurements of
the investigated ribbons of the Fe36Co36B19Si5Nb4 and
Fe43Co22Ni7B19Si5Nb4 alloys have been presented in the
Table 1. The ribbons of Fe36Co36B19Si5Nb4 alloy have mag-
netic properties (Hc = 4.0 A m
-1, li = 3000, Dl l
-1 =
5.0, Table 1) similar than for ribbons of Fe43Co22Ni7B19Si5
Nb4 alloy (Hc = 4.0 A m
-1, li = 1600, Dl l
-1 = 4.5,
Table 1). The value of Hc and TC obtained for the ribbons of
Fe36Co36B19Si5Nb4 alloy is similar than for these alloy in rod
form with 5 mm diameter investigated by Shen and Inoue [24]
whose results as follows: Hc = 1.5 A m
-1 and TC = 692 K.
The obtained values of Hc and TC of the ribbons with
thickness of 0.07 mm of Fe43Co22Ni7B19Si5Nb4 alloy are
similar than in other alloys with the similar chemical
composition investigated by Shen et al. [5] whose results
for [(Fe0.6Co0.3Ni0.1)0.75 B0.2Si0.05]96Nb4 and [(Fe0.6Co0.1
Ni0.3)0.75 B0.2Si0.05]96Nb4 alloys as follows: Hc = 2,
TC = 643 and Hc = 2.5 A m
-1, TC = 554 K, respectively.
The detailed analysis of data of magnetic properties, i.e.,
li and Hc allows to classify the investigated alloys in as
quenched state as a soft magnetic material (Table 1). These
excellent magnetic properties and high value of tempera-
ture of crystallization (Tx = 711 and 800 K—Figs. 4, 5;
Table 1) lead us to expect that the Fe-Co-based amorphous
alloy could be used as a new engineering and functional
material intended for parts of inductive components. The
microvoids content is often examined using magnetic after
effects (Dl l-1) measurements. The value of Dl l-1
increases with increasing of microvoids into materials [25].
Conclusions
We can state that the structure of ribbons as well as Fe36
Co36B19Si5Nb4 and Fe43Co22Ni7B19Si5Nb4 alloy at as
quenched state is amorphous.
The addition of Ni to the Fe-Co-based MGs induced a
change of thermal and magnetic properties. In the Fe-Co-
based MGs for alloy containing Ni in comparison with
Fe36Co36B19Si5Nb4 alloy: (1) The Tx and Tl both increase
from 711 to 800 K and 1429 to 1516 K, respectively, (2)
activation energies of the crystallization increase from 564
to 623 kJ mol-1 (increase in thermal stability MGs), (3)
the TC decreases from 575 to 529 K, (4) initial magnetic
permeability decrease from 3000 to 1600 and (5) magnetic
after effects (Dl/l) decrease from 5.0 to 4.5 % (increase in
time stability).
Table 1 Thermal stability (TC Curie temperature, Tx crystallization temperature) and magnetic properties (Hc coercivity, li initial magnetic
permeability, Dl l-1 magnetic after effects) of Fe36Co36B19Si5Nb4 and Fe43Co22Ni7B19Si5Nb4 ribbons
Alloy li Dl l
-1/% Hc/A m
-1 Te/K Tm/K TC/K Tx/K Tl/K
Fe36Co36B19Si5Nb4 3000 5.0 4.0 1297 1310 575 711 1429
Fe43Co22Ni7B19Si5Nb4 1600 4.5 4.0 1228 1293 529 800 1516
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The investigated alloys have good soft magnetic prop-
erties in the as quenched state. After crystallization, soft
magnetic properties decrease due to formation of borides.
These excellent magnetic properties lead us to expect that
the investigated MGs is promising for the future applica-
tions as new engineering and functional material on the
parts of micromotors and other applications. The results
obtained for the melt-spun glassy alloy ribbons are the
beans for continuation of research on different forms of the
investigated alloy, e.g., rods or tubes.
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